Introduction
Decagonal (d) phases are of special importance for the study of physical properties of quasicrystals (QCs). Their structure can be viewed as a periodic stack of quasiperiodic planes, so that d-QCs are two-dimensional QCs, whereas they are periodic crystals in a direction perpendicular to the quasiperiodic planes. The resistivity in the quasiperiodic (Q) and periodic (P) directions can be consequently investigated on the same sample. Literature reports reveal that d-QCs exhibit anisotropy in their electronic and thermal transport properties (electrical resistivity, [1] [2] [3] , thermoelectric power, S [4], Hall coefficient, R H [5, 6] , thermal conductivity, [7, 8] and optical conductivity, (!) [9] ), when measured along the Q and P directions. The degree of anisotropy is related to the structural details of a particular decagonal phase, depending on the number of quasiperiodic layers in one periodic unit [10, 11] . The most anisotropic cases are the phases with just two layers, realized in d-Al-Cu-Co and d-Al-Ni-Co, where the periodicity length along the periodic axis is about 0.4 nm and the resistivity ratio at room temperature (RT) amounts typically Q = P % 6 À 10 [1] [2] [3] . Other d phases contain more quasiperiodic layers in a periodic unit and show smaller anisotropies. In d-Al-Co, d-Al-Ni and d-Al-Si-Cu-Co there are four quasiperiodic layers with periodicity about 0.8 nm and the RT anisotropy is Q = P % 2 À 4 [4] . d-Al-Mn, d-Al-Cr and d-Al-Pd-Mn phases contain six layers with periodicity of about 1.2 nm and the anisotropy amounts to Q = P % 1:2 À 1:4, whereas d-Al-Pd and d-Al-CuFe phases with eight layers in a periodicity length of 1.6 nm are close to isotropic. A common property of d-phases is their metallic resistivity in the periodic direction, P , showing positive temperature coefficient (PTC) at metallic values (e.g.
300K P
% 40 mcm in d-Al-Cu-Co and d-Al-Ni-Co [2] ), whereas the considerably larger resistivity Q in the quasiperiodic plane (e.g. 300K Q % 330 mcm [2] ) exhibits a negative temperature coefficient (NTC) and usually also a maximum somewhere below RT or a levellingoff upon T ! 0. Anisotropies in the electronic and thermal transport properties similar to those in d-QCs were also observed in periodic structurally complex phases Al 13 Co(Fe) 4 and the Taylor-phase Al 3 Mn [12] . In this paper, we present a study of the anisotropic magnetic, electrical and thermal transport properties (magnetic susceptibility, electrical resistivity and thermal conductivity) along the three crystalline directions of a single-crystalline Al 4 (Cr,Fe) complex metallic alloy that is an excellent approximant to the decagonal phase with six atomic layers in a periodic unit. Electrical and thermal transport of this compound has already been discussed in a recent paper [13] .
Sample preparation
The investigated Al 4 (Cr,Fe) compound belongs to the class of body-centered orthorhombic phases Al 4 TM (transition metal) with a % 1.25 nm, b % 1.25 nm and c % 3.05 nm, which coexist with the d-QC having a period of 1.25 nm along its periodic tenfold direction [14] (corresponding to the a axis of Al 4 TM). The Al 4 TM structure can be described as a periodic repetition of a sequence P 0 FPp 0 fp of six atomic layers stacked within one periodicity length of 1.25 nm along a, showing close structural relationship to the six-layer Al-TM d-QCs with the same periodicity. The block P 0 FP is composed of a flat layer F at x ¼ 0 and a puckered layer P at x % a/6, whereas the puckered layer P 0 is in mirrorreflecting position across the F layer. The block p 0 fp equals the block P 0 FP translated by (a/2, b/2, c/2).
The single crystal used in our study was grown from an incongruent Al-rich melt of initial composition Al 87 Cr 7 Fe 6 by the Czochralski method using a native seed. The composition of the sample (rounded to the closest integers) was Al 80 Cr 15 Fe 5 and its structure could be assigned to the orthorhombic phase, previously described by Deng et al. [14] , with the following crystallographic parameters: Pearson's symbol oI366-59.56, space group Immm (No. 71), unit cell parameters a ¼ 1.2500 (6) 
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Magnetic susceptibility
The magnetization of Al 80 Cr 15 Fe 5 as a function of the magnetic field, M(H), and the temperature-dependent magnetic susceptibility, (T), were measured with a Quantum Design SQUID magnetometer, equipped with a 50 kOe magnet. The susceptibility ¼ M/H was investigated in the temperature interval between 300 and 2 K in a magnetic field H ¼ 1 kOe (Figure 1a ), which was directed along each of the three crystalline directions. The respective susceptibilities are labelled as a , b and c . All three susceptibilities exhibit a simple paramagnetic behaviour and were analyzed with the Curie-Weiss law
where the subscript j denotes the crystalline direction, 0j is a temperature-independent term, C j the Curie constant and j the Curie-Weiss temperature. The fits are shown as solid Philosophical Magazine 2147 lines in Figure 1a and the fitting parameter values are given in Table 1 . We observe that all three susceptibilities are very similar in magnitude and temperature-dependence. A weak anisotropy c 4 b 4 a can be noticed. The M(H) dependence up to 50 kOe along the three crystalline directions is displayed in Figure 1b . We observe that there is almost no anisotropy for the two in-plane crystalline directions b and c, whereas the magnetization along a is slightly smaller. Further M(H) analysis is hindered by the fact that there exist two different kinds of magnetic moments (Cr and Fe) in the samples, so that one should use a sum of two Brillouin functions to describe the paramagnetic magnetization. Since too many parameters are then involved (that can compensate each other in the fit procedure), we skip further analysis.
Electrical and thermal transport properties 4.1. Electrical resistivity
Electrical resistivity was measured between 300 and 2 K using the standard four-terminal technique and the data are displayed in Figure 2 . The resistivity is the lowest along the a axis perpendicular to the atomic planes. a shows a PTC in the whole investigated temperature interval and a RT value [2] [3] [4] , where the resistivity perpendicular to the quasiperiodic atomic planes also shows metallic PTC and its value is smaller than the in-plane resistivity, which exhibits a nonmetallic character with NTC on the high-temperature side of the maximum in (T) and PTC below.
In an anisotropic crystal, the electrical conductivity, p, is generally a symmetric (and diagonalizable) tensor, relating the current density, j, to the electric field, E, via the relation j i ¼ P j ij E j , where i, j, ¼ x, y, z denote crystalline directions. The tensorial ellipsoid exhibits the same symmetry axes as the crystallographic structure. For our orthorhombic Al 80 Cr 15 Fe 5 crystal this implies that the conductivity tensor is diagonal in the basis of the crystalline directions a, b and c. The geometry of our samples (their long axes were along the three crystalline directions) and the direction of the electric field applied along their long axes imply that diagonal elements xx ¼ a , yy ¼ b and zz ¼ c were measured in Table 1 . Fitting parameters of the Curie-Weiss paramagnetic susceptibility [see solid curves in Figure 1a calculated using Equation (1)], with the magnetic field applied along the three crystalline directions a, b and c.
our experiments. The temperature dependence of each of these elements was then analyzed using the theory of slow charge carriers by Trambly de Laissardie`re et al. [15] , which applies to any diagonal element of the conductivity tensor (in Trambly de Laissardie`re et al. [15] , xx is considered, but x may be any crystalline direction). Trambly de Laissardie`re et al. have shown [15] that the semi-classical (BlochBoltzmann) model of conduction breaks down when the mean free path of charge carriers is smaller than a typical extension of their wave function. This situation is realized for sufficiently slow charge carriers (where low electronic velocity is a consequence of weak dispersion of the electronic bands) and leads to a transition from a metallic to an insulating-like regime when scattering by defects or temperature effects increases. According to the Einstein relation, the conductivity depends on the electronic density of states (DOS), g(E), and the spectral diffusivity, D(E), within the thermal interval of a Table 2 .
Philosophical Magazine 2149 few k B T around the Fermi level, E F . In the case of slowly varying metallic DOS around E F it is permissible to replace g(E) by g(E F ). For the diffusion constant it was shown [15] that it can be written as D ¼ v 2 þ L 2 ðÞ=, where v is the electronic velocity, the scattering time and L 2 () is the non-ballistic (non-Boltzmann) contribution to the square of spreading of the quantum state at energy E due to diffusion, averaged on a time scale . L() is bounded by the unit cell length and saturates to a constant value already for short averaging time. The dc conductivity of the system in the crystalline direction j can be written as
where Bj is the Boltzmann contribution and NBj is the non-Boltzmann contribution. The scattering rate À1 will generally be a sum of a temperature-and orientation-independent rate À1 0 due to scattering by quenched defects and a temperature-dependent term due to scattering by phonons,
À1
p . The anisotropy of the atomic structure implies that the phonon spectrum will also be anisotropic, so that the scattering rate will generally depend on the crystalline direction,
pj . In the simplest case, pj can be phenomenologically written as a power-law of temperature, pj ¼ j =T j . Assuming that L 2 j ð j Þ can be replaced by its limiting value, a constant L 2 j , Equation (2) yields a minimum in the conductivity j as a function of j or temperature (or equivalently, there is a maximum in the resistivity
Above the resistivity maximum, the non-Boltzmann contribution prevails and the resistivity exhibits a non-metallic NTC, whereas below the maximum, the resistivity exhibits a metallic PTC due to dominant Boltzmann contribution. The resistivity maxima, as observed for b and c in Figure 2 , can thus be considered as a consequence of a crossover from dominant ballistic conductivity at low temperature to dominant non-ballistic conductivity at high temperature due to small velocities of the charge carriers.
Defining
which contains four crystalline-direction-dependent fit parameters A j , B j , C j and j (the last two always appear in a product C j T j ). The zero-temperature conductivity is obtained as
In the regime of dominant scattering by quenched defects, 0 = pj ¼ C j T j ( 1, normally realized at low temperatures, expansion of Equation (3) yields the low-temperature form of the conductivity j ¼
. This can be viewed as a generalized Bloch-Gru¨neisen law that yields a metallic PTC resistivity. In the other extreme of dominant phonon scattering, 0 = pj ¼ C j T j ) 1, normally realized at high temperatures, Equation (3) yields the high-temperature form of the conductivity as j ¼ 2 T j , yielding an insulator-like NTC resistivity. The relative magnitudes of A j , B j and C j T j coefficients thus determine the temperature dependence of the resistivity within a given temperature range, which can either be in the metallic or insulating-like regimes, or at a crossover between these two regimes (in which case the resistivity exhibits a maximum). Since these coefficients depend on the electronic structure of the investigated compound (g(E F ) and v j ), its crystallographic details (L j ), defect 2150 J. Dolinsˇek et al.
concentration ( 0 ) and phononic spectrum ( pj ), they are specific to a given structure and sample purity. The fits of the resistivities with Equation (3) are displayed in Figure 2 as solid lines and the fitting parameters are collected in Table 2 . The fits are excellent for all three crystalline directions. The A j parameter values enable us to estimate the anisotropy of the electronic average velocities along the three crystalline directions. We obtain
17 and v b =v c ¼ 1:04, so that the velocity is the highest along the a axis perpendicular to the atomic planes and there is also small anisotropy within the atomic planes. The parameters C j and j describe the anisotropy of the electronphonon scattering rate. Anisotropy of the phononic spectrum of Al 80 Cr 15 Fe 5 is reflected in the anisotropy of the lattice thermal conductivity, ph , to be presented next.
Here it should be mentioned that a maximum in the resistivity at low temperatures is also predicted by the theory of weak localization [16] , frequently used to analyze the temperature-dependent resistivity of icosahedral QCs. Weak localization is considered to introduce small temperature-dependent correction to the Boltzmann conductivity due to spin-orbit and inelastic scattering processes of electrons. However, whereas the validity of the weak localization concept is restricted to low temperatures, the theory of slow charge carriers of Equation (3) is applicable at all temperatures and does not involve any electron localization.
Thermal conductivity
The thermal conductivity, , of Al 80 Cr 15 Fe 5 was measured along the three crystallographic directions using an absolute steady-state heat flow method. The thermal flux through the samples was generated by a 1 k RuO 2 chip-resistor, glued to one end of the sample, while the other end was attached to a copper heat sink. The temperature gradient across the sample was monitored by a chromel-constantan differential thermocouple. The phononic contribution, ph ¼ À el , was extracted by subtracting the electronic contribution, el , from the total conductivity using the Wiedemann-Franz law and the measured electrical resistivity data. The phononic thermal conductivity is displayed in Figure 3 , where it can be seen that the conductivity a ph along the a direction in the low-temperature regime below 50 K (which can be associated with the regime where umklapp processes are still ineffective) 
Conclusions
The Al 80 Cr 15 Fe 5 complex intermetallic compound is a periodic approximant to the decagonal phase and single-crystalline samples of high structural perfection have recently been grown. Due to the six-layer structure of the Al 4 TM phase, the anisotropy in the transport properties is smaller than in the two-and four-layer structures, but still pronounced. The velocity of the charge carriers is just in the range where temperature induces a transition from dominant Boltzmann (metallic) to dominant non-Boltzmann (insulating-like) regimes, as demonstrated in the appearance of the resistivity maximum for specific crystalline directions. Consequently, a temperature-dependent electronic diffusion coefficient pertinent to slow charge carriers enables unified treatment of both regimes. The anisotropy of the resistivity is related to the anisotropy of the electronic band structure that is responsible for the anisotropy of the electronic velocity along different crystalline directions. A preliminary discussion of the velocity anisotropy in d-QCs in relation to the number of quasiperiodic layers within one periodic unit is given elsewhere [11] , where the two-layer case is shown to be the most anisotropic one. The above approach of slow charge carriers has been successfully applied to the electrical resistivity, whereas implementation of this concept to other transport coefficients still has to be performed.
